Introduction {#s1}
============

The continue demand of semi prepared natural and fresh food products with high nutritional value have promoted the current trend in food packaging application to develop new systems to improve the shelf-life of packaged foods (Fabra et al., [@B17]; Luzi et al., [@B48]). Specifically, the packages contain, cover and protect the foodstuffs from the external attacks as light irradiation, external contaminations, and oxidation induced by the contact with the air (Lee et al., [@B39]; Domínguez et al., [@B15]; Luzi et al., [@B46]). The shelf-life of certain foods may be significantly limited if no some chemical ingredients are added. The meat is one of the main perishable food characterized by the presence of fat and a high content of unsaturated fatty acids subjected to lipid oxidation causing the quality deterioration in meat and meat based products and consequentially to deterioration process was observed also the microbial growth (Yang et al., [@B66]; Banerjee et al., [@B7]; Domínguez et al., [@B15]).

In this scenario, several strategies were adopted to improve the quality and the safety of packaged foods, to reduce the environmental burden due to the disposal of spoiled foods, to increase the quantity of food available for human utilization and finally to reduce the economic impact caused by the deteriorations of foods (Yang et al., [@B66]). The different measures adopted on food preservation/protection play a great function. Food conservation consists in preventing all aspects concerned in food contamination and deterioration which are the main problem of loss in safety of food and nutritional value. The most important are the oxidative processes, which are liable for the modification of flavor, the degradation of vitamins, and the deterioration of foodstuffs such as the browning of meat, fruits and vegetables. Active packages symbolize some interesting possibilities spanning through the entire food chain from producers and distributors to consumers (Lee et al., [@B39]).

Recent research studies proposed some different approaches to modulate and to enhance the shelf-life of foods: incorporation of active ingredients/agents into packaging based systems and the development of bilayer polymeric based systems to modulate the exchange of gas flow between the internal and external parts of the packaging (Muller et al., [@B52]). Recently, several phenolic compounds and natural extracts as hydroxytyrosol, rosmery, carvacrol, catechin, gallic acid, etc. (Cerruti et al., [@B11]; Castro López et al., [@B10]; Arrieta et al., [@B4]; Fortunati et al., [@B21]; Luzi et al., [@B47], [@B46]; Piñeros-Hernandez et al., [@B57]) have been studied in combination with polymeric materials to improve the active properties of neat polymers of great significance in the food sector.

Antioxidant active and smart packaging seeks to stop or reduce the oxidation of different food components, principally, proteins and lipids, which lead to the deterioration of physical and organoleptic properties (such as color and flavor). The realization of active polymeric based materials is centered on the incorporation of antioxidant compounds into the packages and their further migration to the food (Fabra et al., [@B17]). Polymers, and specifically biodegradable polymers, are the main preferred materials for food packaging application. In fact, green based polymeric systems represent an alternative to develop novel eco-friendly systems that can reduce the amount of wastes in landfills respect to petroleum based polymers. Respect to traditional polymers green based systems can also minimize the greenhouse gas emissions during the realization and the end-of-life disposal (Peelman et al., [@B56]).

In spite that usually green polymers have lower mechanical performance and poorer barrier properties than traditional ones, they are feasible materials for active packaging due to their intrinsic characteristics. They can be good carrier substrates of active principles because of their adaptability to controlled release and also they can be combined through the realization of polymeric blends or multilayer formulations in order to optimize the application (Martínez-Abad et al., [@B49]). In this context, the development of bilayer films represent a strategic alternative to improve the barrier essential in the fresh food package to guarantee the shelf-life of the products and the mechanical properties of biobased systems (Muller et al., [@B52]).

Poly(lactic acid) (PLA) is a thermoplastic linear aliphatic polyester, obtained from renewable resources, compostable and biodegradable (Chaiwutthinan et al., [@B12]). PLA is accepted by US Food and Drug Administration (FDA) as a food contact matter, non-toxic or carcinogenetic, easy to process, transparent, economically feasible, and it is utilized to realize packaging for short shelf-life uses (Arrieta et al., [@B3]). Unluckily, as described in general for biodegradable polymers also PLA is characterized by some drawbacks when compared with petroleum base matrices utilized in food packaging sector.

Nanocomposites represent as a valid strategy to modulate the moderate characteristics of biodegradable polymers. Recently, lignin nanoparticles (LNPs) and cellulose nanocrystals (CNC) have been used as nanoreinforcements to enhance the characteristics of biobased polymeric systems for food packaging applications (Fortunati et al., [@B23], [@B24]; El-Wakil et al., [@B16]).

Lignin components provide specific food antioxidant properties (Domenek et al., [@B14]; Yang et al., [@B68]) and UV stabilization effect (Chung et al., [@B13]). It has been established that the radical scavenging activity is related to particle size and that the antioxidant effect increase decreasing the dimensions of fillers (Ge et al., [@B25]). Moreover, enhanced thermal and mechanical characteristics of different polymer matrices were found (Nair et al., [@B54]). Additionally, LNPs is a promising green agent useful against dangerous bacteria and microorganisms, its intrinsic biocide effect allows to decrease the environmental problems associated to the utilize of silver nanoparticles (Richter et al., [@B61]; Yang et al., [@B68]).

With the same aim, cellulose nanocrystals (CNC), which are characterized by low density, high biocompatibility and stiffness (Fernandes et al., [@B18]), contribute to increase the overall thermomechanical performance of polymeric materials, due to the synergic interactions of crystal nucleation, tortuosity and chain immobilization (Pracella et al., [@B58]; Kamal and Khoshkava, [@B35]). Moreover, active ingredients such as umbelliferone (7-hydroxycoumarin), a natural phenolic extract extensively spread in plants of the coumarin family with antioxidant and antimicrobial effects (Mazimba, [@B51]; Luzi et al., [@B48]), could improve the antioxidant response of polymeric films even in a multilayer approach. While the use of natural, non-toxic antioxidants such as ferulic acid or α-tocopherol to extend the food shelf life has been investigated, limited information exists about the influence of umbelliferone on films structure and physicochemical properties in packaging application. The successful use of UMB in EVOH matrix has been already tested and compared with gallic acid effectiveness in Luzi et al. ([@B48]). In addition, on the basis of available relevant results on UMB use in medicine (umbelliferone has been demonstrated to have biological activity as an antibacterial, anti-inflammatory, antirheumatic, and immunomodulatory agent), we planned to comprehensively verify its possible use in a sector having similar requirements, to demonstrate enhanced antibacterial and antioxidant properties when combined with lignin based nanoparticles.

The aim of this work is therefore the design, realization, and characterization of poly (lactic acid) (PLA) based bilayer films for food packaging applications. PLA monolayer films containing cellulose nanocrystals (CNC) or lignin nanoparticles (LNP) and Umbelliferone (UMB) were extruded and successfully layered by thermo-compression. The effect of the different nanoparticles and the active ingredient (UMB) on the properties of the bilayer system was studied. Emphasis was placed on the determination of antioxidant and light transmission results according to the proposed use of the materials as packaging.

Materials and Methods {#s2}
=====================

Materials
---------

Poly(lactic acid) (PLA) 3051D, with a specific gravity of 1.25 g cm^−3^, a molecular weight (*M*~*n*~) of ca. 1.42 × 10^4^ g mol^−1^, and a melt flow index (MFI) of 7.75 g 10 min^−1^ (210°C, 2.16 kg) was purchased by Nature Works®, USA. Pristine lignin was supplied by CRB (Centro Ricerca Biomasse, University of Perugia) and lignin nanoparticles (LNP) were synthesized as previously reported (Yang et al., [@B69]). Microcrystalline cellulose (MCC, dimensions of 10--15 μm), utilized as cellulose nanocrystals precursor during the hydrolysis process, was purchased by Sigma-Aldrich®. Cellulose nanocrystals (CNC) were synthesized as previously reported (Fortunati et al., [@B22]). Umbelliferone (UMB) and all the chemical reagents were purchased from Sigma Aldrich^®^ and used as received.

Preparation of PLA Nanocomposite Films
--------------------------------------

PLA pellets, CNC and LNP were previously dried in an air circulating oven at 50°C overnight in order to eliminate moisture traces. Neat PLA, two different formulations of PLA nanocomposite (PLA_3%CNC, PLA_3%LNP), and a PLA active film (PLA_15%UMB) were realized in a twin screw microextruder (DSM Explore 5&15 CC Micro Compounder) taking as a reference sample neat PLA. The processing parameters were optimized for each formulation. During the mixing, the screw speed was set at 100 rpm through 3 min (with nano-compound it was 2 min for the neat PLA and 1 min for de nano-component), with a temperature profile of 180--190--200°C throughout the three zones and a dye temperature of 195°C. The films obtained following this process have a nominal thickness between 80 and 85 μm.

Preparation of Bilayer Films
----------------------------

In order to obtain bilayer films, the different PLA monolayers were assembled and compressed at 155°C for 1 min at a pressure of 25 bar followed by a cooling cycle. Six kinds of films were obtained: pure polymer bilayer film (PLA/PLA), as a control, and films with nano and active compounds (PLA/PLA_3%CNC, PLA/PLA_3%LNP, PLA/PLA_15%UMB, PLA_3%CNC/PLA_15%UMB, PLA_3%LNP/PLA_15%UMB). CNC, LNP and UMB have been selected according to previous results obtained by the authors on separated or combined use of CNC and LNP in polylactic acid (Yang et al., [@B68]), while the amount of UMB was selected on the basis of dispersability results and its effect of transparency and antibacterial response when introduced in polymeric film formulations (Luzi et al., [@B48]).

Film Characterization
---------------------

### Structural Characterization

X-ray diffraction (XRD) analysis of the samples was obtained with an X-Pert pro diffractometer with CuKα radiation (λ = 1.54 Å), operating at 40 kV and 40 mA. The diffraction profile was detected from 4 to 60° at a scanning rate of 2°/min.

FT-IR measurements were performed at room temperature in reflection mode in attenuated total reflectance (ATR) using a Thermo Scientific Nicolet Instrument 6700. Spectra were acquired within 4,000--600 cm^−1^ region, using 32 scans overlapped and 4 cm^−1^ resolution.

The cross section micromorphology of the films was observed using a field emission scanning electron microscope (FESEM, Supra 25- Zeiss, Germany). Films were initially fractured in liquid nitrogen and gold coated with an Agar automatic sputter coated.

### Light Transmission and Color Properties

The light transmission test were performed on film samples in the visible light region (400--700 nm) using a spectrophotometer (CM-2300d Konica Minolta, Japan), while film color properties were evaluated by using the CIELAB color space by means Multi-Gloss 268, Minolta, Langenhagen, Germany. Color coordinates, L^\*^ (lightness), a^\*^ (red--green), and b^\*^ (yellow-- blue) were measured. The instrument was calibrated using a white standard tile. Average values of three different measurements at random positions over the film surfaces were obtained. Total color difference (ΔE^\*^) was evaluated with respect to the white control as follow:
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Gloss value was also evaluated using a flat surface gloss meter at an incidence angle of 60°, according to the ASTM standard D523 (ASTM, [@B5]).

### Thermal Properties

#### Differential scanning calorimetry (DSC)

DSC analysis was performed by using a TA Instruments DSC Q200 in modulated mode (TA Instruments Inc., USA) under nitrogen atmosphere. The scanning process covered from −25 to 210°C, applying two heating and one cooling scan, at 10°C/min. Glass transition, crystallization and melting phenomena of film samples were defined from the first heating scan. Degree of crystallinity (*Xc*) was evaluated by using Equation (2):
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where Δ*H*~*m*~ and Δ*H*~*cc*~ are the enthalpy of melting and cold crystallization peaks, respectively; *w* is the weight fraction of PLA polymer in the sample and Δ*H*${}_{m}^{0}$ is the melting enthalpy of PLA 100% crystalline (93 J/g) (Abdelwahab et al., [@B1]).

#### Thermogravimetric analysis (TGA)

Dynamic thermal degradation was performed using a TG-50 Shimadzu, under nitrogen atmosphere. Temperature was raised from 25 to 800°, at a heating rate of 10°C/min. The initial degradation temperature (*T*~0~) was calculated at 5% mass loss, while temperatures at the maximum degradation rate (*T*~*max*~) for each stage were determined from the first derivatives of the TGA curves (DTG).

### Mechanical Properties

Tensile characteristics of different formulations were evaluated at room temperature using an universal testing machine, based on UNI ISO 527 standard (crosshead speed of 1 mm/min). Mechanical parameters, i.e., elastic modulus (EM), tensile strength (TS), and elongation at break (ε), were obtained from the resulting stress--strain curves. Reported values were the average of at least five valid tests.

### Antioxidant Activity

The antioxidant activity of films samples was evaluated using a spectroscopic method based on the disappearance of the absorption band at 517 nm of the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich®), upon reduction by an antiradical compound.

The radical scavenging activity was determined by using a spectroscopic method according to the method reported in literature by Byun et al. ([@B9]). The different systems (0.1 g) were cut into small pieces and immersed in 2 mL of methanol for 24 h. An aliquot of methanol extract (1 mL) was uniformly mixed with 1 mL of DPPH in methanol (50 mg L^−1^). The mixture was allowed to stand at RT in the dark for 60 min. The absorbance was measured at 517 nm using a UV spectrometer (Lambda 35). The DPPH mixture solution of methanol obtained from neat PLA systems was utilized as control. DPPH radical scavenging activity (RSA) was calculated according to the Equation (3):

(

R

S

A

,

\%

)

=

\[

A

c

o

n

t

r

o

l

\-

A

s

a

m

p

l

e

A

c

o

m

t

r

o

l

\]

×

100

where A~control~ is the absorbance of the control (methanol) at t = 0 min and A~sample~ is the absorbance of tested sample after 1 h of incubation.

Results and Discussion {#s3}
======================

XRD Characterization
--------------------

In [Figure 1](#F1){ref-type="fig"}, X-ray diffraction patterns of different components, monolayer ([Figure 1A](#F1){ref-type="fig"}) and bilayer PLA films ([Figure 1B](#F1){ref-type="fig"}) are reported. In order to study the effect of the different ingredients on the crystalline structure of the PLA, XRD traces for cellulose nanocrystals, lignin nanoparticles and umbelliferone have been also included. The crystalline structure of cellulose nanocrystals was characterized by four main reflection peaks located at 2θ = 15.08, 16.38, 22.58, and 34.5 (Ludueña et al., [@B45]), while XRD pattern of lignin nanoparticles, that consists of phenylpropane unit forming a three dimensional polymer network without an ordered and regular super-molecular structure, shows a broad peak, indicating that the LNPs were only partially crystalline in nature (Gupta et al., [@B27]). Umbelliferone showed main peaks at 2θ = 11.2, 16.0, 25.9, and 28.1 (Liu et al., [@B41]).

![XRD spectra of PLA and PLA nanocomposites **(A)** monolayer films; **(B)** bilayer films.](fchem-07-00157-g0001){#F1}

In the case of PLA monolayers, it was observed that crystallization was not induced by the addition of any nanoadditive, since no additional peaks appeared in the spectra of the monolayers. Neat PLA presented a halo centered at 2θ = 16°, which is characteristic of amorphous scattering of PLA (Abdelwahab et al., [@B1]), as already observed by Gorrasi and Pantani ([@B26]). The XRD profile was not modified in presence of CNC and LNP nanofillers, while main characteristic peaks of umbelliferone were detected in PLA_15UMB at 11.3, 16.1, and 28.2°.

No apparent change in crystallinity, as a result of the introduction of lignin and cellulose as nucleating agent, was evidenced in the X-ray diffractograms of PLA bilayers: a similar amorphous band as that identified in the PLA monolayer, regardless of the adhesion to the single or composite PLA layer, was detected, while the signal of umbelliferone, present in higher amount with respect of CNC and LNP, was more visible.

Actually, XRD patterns of PLA bilayers showed some dissimilarity with respect to monolayer PLA films in the case of PLA_3CNC/PLA_15UMB, highlighting the influence the different crystalline phases. Indeed, a new peak at 2θ = 19.2° was recorded, revealing the presence of α′-form crystals (Kalish et al., [@B34]). Moreover, the diffraction shoulders located at 14.9 and 16.8° may be owed to low crystallinity of the PLA and its imperfect crystals (Jia et al., [@B33]). These results suggest that the presence of cellulose nanocrystals and diffusion of UMB during thermo-compression slightly influenced the crystallization pattern of PLA due to the promotion of chain interactions with these compounds.

FTIR Analysis
-------------

FTIR analysis was performed on powders ([Figure 2A](#F2){ref-type="fig"}), monolayer ([Figure 2B](#F2){ref-type="fig"}), and bilayer films ([Figure 2C](#F2){ref-type="fig"}) in order to identify the influence of the additives on the chemical structure of the PLA. The FT-IR spectrum of umbelliferone showed a sharp peak of OH group at 3,153 cm^−1^ (Ittadwar and Puranik, [@B32]), frequencies identified at 3,122 and 2,987 cm^−1^ are designated to C-H stretching vibrations, single bonded carbonyl group vibrations at 1388, 1,345, and 1,233 cm^−1^, while frequencies at 1,578, 1,454, 1,446, 1,409, and 1,386 cm^−1^ have been designated to C-C stretching vibrations (Rexali, [@B60]).

![FTIR spectra of nanofillers (CNC and LNP) and AI **(A)**, PLA and PLA nanocomposites monolayer films **(B)**, and bilayer films **(C)**.](fchem-07-00157-g0002){#F2}

Lignin spectrum show complex bands and this is due to the variety of vibration mode of chemical bonds present in this biopolymer structure. The aromatic skeleton vibrations in lignin nanoparticles are assigned at 1,540 cm^−1^ (C--C stretching of aromatic skeletal around), C--H stretching at 1,480 cm^−1^ and CH vibration of methyl group at 1,440 cm^−1^ (Yang et al., [@B70]). CNC infrared spectrum was characterized by the presence of the absorption peaks around 3,330, 2,897, 1,654, and 1,025 cm^−1^ related, respectively, to O--H, C--H stretching, C--C bending, and C--O stretching vibrations of cellulose (Bassett et al., [@B8]).

The main characteristic peaks of PLA were also identified in the spectra showed in [Figure 2B](#F2){ref-type="fig"}. The main one at 1,750 cm^−1^ corresponds to the --C = O stretching vibration of the ester group and the peaks at 1,454 and 1,360 cm^−1^ are assigned to the asymmetric and symmetric -CH~3~ deformation vibrations, respectively. The C = O bending appeared at 1,265 cm^−1^, the --C-O-C- stretching of the ester groups at 1,182 cm^−1^, the C-O stretching at 1,130 and 1,088 cm^−1^ and the -OH bending at 1,043 cm^−1^. It was also identified the peak at 872 cm^−1^, which corresponds to the --C-C- stretching of the amorphous phase (Muller et al., [@B52]).

No relevant variations in the chemical structure of the PLA were observed with the presence of the nanoparticles (LNP or CNC) or the AI in both monolayers ([Figure 2B](#F2){ref-type="fig"}) and bilayers films ([Figure 2C](#F2){ref-type="fig"}), even if few variations are found: in the case of monolayer films, peak at 872 cm^−1^ was not found in presence of nanofillers and AI, indicating a variation in the crystallization behavior of the films (Scaffaro and Lopresti, [@B62]), while the signal at 1,454 and 1,265 cm^−1^, respectively due to the CH~3~ bending and C-O stretching were less evident. A double peak was also observed at 1,044 cm^−1^, typically related to --OH bending (Scaffaro et al., [@B63]).

Only the characteristic peaks of the lignin nanoparticles were more visible in the PLA_3LNP/PLA_15UMB bilayer film, in details the peaks at 1,163, 1,055, and 1,025 cm^−1^, which correspond to the C-O-C symmetric and antisymmetric stretching, C-O stretching modes, C-H bond in guaiacyl ring have been detected (Wang et al., [@B65]; Hidayati et al., [@B30]).

Morphological Characterization
------------------------------

The fractured surfaces of the PLA based films studied by FESEM are shown in [Figure 3](#F3){ref-type="fig"}. PLA film showed a smooth and homogeneous surface, which was in general preserved in the monolayer films containing the nanoparticles as well as the AI, highlighting a good interface interaction between LNP or CNC and PLA matrix. The surfaces appeared homogeneous, this phenomenon was due to a good dispersion of nanofillers induced by the adopted process. Furthermore, the monolayer film combined with CNC (PLA_3CNC) was characterized by a rougher fractured surface with respect of neat PLA and PLA_3LNP, underlining a more brittle tendency of this formulation (Yang et al., [@B68]). The addition of UMB at 15% wt. affected the homogeneity and uniformity of PLA fractured surface, showing a ductile surface morphology for AI containing system. Nevertheless, better adhesion was observed in the bilayer films in presence of UMB: in PLA/PLA_15UMB, PLA_3CNC/PLA_15UMB, and PLA_3LNP/PLA_15UMB, thermo-compression leads to a good homogeneity of the films and complete adhesion of the two polymeric layers (Requena et al., [@B59]). In addition, the thickness of bilayer sheets was limited during thermo-compression to a different extent, depending on the film ([Table 1](#T1){ref-type="table"}). In fact, the overall measured thickness for bilayers was lower than the theoretical value (sum of each layer thickness). In case of film containing the AI, UMB incorporation promoted the flow of PLA layers, which suggests the UMB diffusion into the matrix, producing a plasticizing effect and greater thickness reduction (Muller et al., [@B52]).

![FESEM micrographs of cross-sections of PLA nanocomposites monolayer and bilayer films.](fchem-07-00157-g0003){#F3}

###### 

Thickness (mean value, μm) and color parameters for PLA (neat and nanocomposites) monolayer and bilayer films.

  **Formulations**     **Thickness (μm)**   **L^\*^**       **a^\*^**      **b^\*^**      **ΔE^\*^**     **Gloss (°)**
  -------------------- -------------------- --------------- -------------- -------------- -------------- ---------------
  White control                             99.47 ± 0.00    −0.08 ± 0.01   −0.08 ± 0.01   --             121 ± 0
  **MONOLAYER**                                                                                          
  PLA                  53.9 ± 8.2           97.39 ± 0.04    −0.06 ± 0.00   0.20 ± 0.02    0.63 ± 0.04    254 ± 8
  PLA_3CNC             118.8 ± 25.9         98.06 ± 0.10    −0.13 ± 0.02   0.70 ± 0.03    1.62 ± 0.07    129 ± 2
  PLA_3LNP             140.0 ± 15.5         73.58 ± 2.920   5.41 ± 0.34    30.31 ± 1.77   40.32 ± 3.20   93 ± 3
  PLA_15UMB            62.0 ± 8.4           85.34 ± 0.50    3.53 ± 0.15    18.79 ± 0.43   23.85 ± 0.66   37 ± 2
  **BILAYER**                                                                                            
  PLA/PLA              81.5 ± 10.3          98.78 ± 0.05    −0.09 ± 0.00   0.26 ± 0.02    0.77 ± 0.05    163 ± 9
  PLA/PLA_3CNC         127.1 ± 20.0         97.13 ± 0.40    −0.14 ± 0.03   1.88 ± 0.23    3.05 ± 0.44    135 ± 7
  PLA/PLA_3LNP         119.3 ± 8.4          78.66 ± 1.39    4.09 ± 0.17    26.17 ± 1.25   33.76 ± 1.84   98 ± 4
  PLA/PLA_15UMB        89.4 ± 11.5          85.46 ± 0.28    3.82 ± 0.11    18.59 ± 0.31   23.66 ± 0.42   45 ± 0
  PLA_3CNC/PLA_15UMB   123.5 ± 17.3         88.86 ± 0.97    2.02 ± 0.19    13.56 ± 0.18   17.42 ± 0.74   71 ± 1
  PLA_3LNP/PLA_15UMB   102.0 ± 18.7         52.95 ± 2.30    12.37 ± 0.50   32.29 ± 0.52   58.04 ± 1.84   40 ± 3

Light Transmission and Color Properties
---------------------------------------

Optical properties are essential when a material is considered to be used for food packaging purposes and consumer acceptability is directly related to their color attributes. Color parameters of the different formulations are reported in [Table 1](#T1){ref-type="table"}. Pristine PLA showed a high L^\*^ value representative of its brightness and transparency, while its colorless nature is consistent with a^\*^ and b^\*^ values close to zero. Similar results were obtained for PLA_3CNC film. However, luminosity (L^\*^) value of the PLA_3LNP and PLA_15UMB was lower than that of the PLA film and the increment of the parameters a^\*^ and b^\*^ are indicative of a red-yellowish coloration, which is due to the typical color of LNP and AI. This tendency was also reflected in the significant value of the total color difference (ΔE) relative to the control. Bilayer films followed a similar tendency than the monolayer materials according the type of nanoparticle or AI added to the PLA. Then, PLA_3LNP/PLA_15UMB was the least transparent and the most yellowish film among the materials studied (Masek, [@B50]; Pagno et al., [@B55]). Mono and bilayer films showed also a lower gloss value than the pristine PLA film: the lowest value among the monolayer films was measured for the PLA_15UMB sample, due to the poorer dispersion of the AI in the PLA matrix. The results of the bilayer films are consistent with the corresponding monolayer ones and they are probably also influenced by the processing method used to mold the bilayers (Iiguez-Franco et al., [@B31]).

UV-Vis characterization of the produced materials was also performed and related results for monolayer and bilayer films are reported in [Figure 4](#F4){ref-type="fig"}. PLA film showed a high transparency, since it exhibited a high transmittance percentage in the entire measured wavelength region. The addition of LNP reduced the transmittance in the visible region, reaching rather null values at wavelength lower than 350 nm in the UV region, demonstrating the potential applicability of PLA_LNP as all-biomass packaging and coating systems characterized by exceptional transparency and UV-protection capability, mainly significant for light-sensitive products (Kim et al., [@B37]). A food packaging material is expected to be transparent to visible light and opaque in the UV region, in order to protect the food from the oxidative deterioration, discoloration and flavors losses causes by the UV radiation (Li et al., [@B40]).

![UV--vis spectra of PLA and PLA nanocomposites **(A)** monolayer films; **(B)** bilayer films.](fchem-07-00157-g0004){#F4}

The transparency of PLA_15UMB film is radically reduced above 350 nm, being this behavior induced by the presence of UMB that absorbs the light between 320 and 412 nm (Abu-Eittah and El-Tawil, [@B2]; Luzi et al., [@B48]). Inversely, the addition of CNC did not modify the transparency of the PLA films. In a previous work it was found that PHB/CNC films are more transparent than films of pristine polymer (Seoane et al., [@B64]).

In bilayer films, PLA/PLA and PLA/PLA_3CNC showed a high light transmission as the respective monolayers did. On the other hand, the presence of an additional PLA layer in PLA/PLA_3LNP induced a further decrease of the signal in the visible region and UV protection substantially unchanged with respect of monolayer. The others bilayer formulations also behave rather transparent in the visible region and opaque in the UV section, which is an advantage for the possible application of the materials. The behavior was basically the same, with a general similar trend but a reduced intensity of the signal in of PLA/PLA_15UMB and PLA_3LNP/PLA_15_UMB, where LNP and AI acted in a synergic manner to modulate the transparency. Surprisingly, the combination of CNC and UMB in the bilayer system (PLA_3CNC/PLA_15UMB) induces significant improvements in terms of visible transparency, in accordance with results for color estimation ([Table 1](#T1){ref-type="table"}). Similar results were obtained by Aulin et al. ([@B6]), where the polymer/NFC assembly with some minor nanofibrils aggregation resulting in surface light scattering and a slightly lower light transmittance and in a similar approach, by Halász et al. ([@B28]), that proved retained transparency for PLA films coated with 4 layers of CNC in a layer-by-layer self-assembly methodology.

Thermal Properties
------------------

DSC tests of PLA-based mono and bilayer films were also carried out in order to investigate the role of AI and biobased nanofillers on polymer thermal characteristics. [Figures 5A,B](#F5){ref-type="fig"} and [Table 2](#T2){ref-type="table"} summarize the acquired data. No significant variations in T~g~ and T~m~ neither in the percentage of cristallinity were found with the addition of CNC or LNP to PLA matrix.

![DSC (first heating scans) and derivative mass loss curves of PLA and PLA nanocomposites monolayer **(A--C)** and bilayer **(B--D)** films.](fchem-07-00157-g0005){#F5}

###### 

Thermal properties from DSC first heating scans of PLA (neat and nanocomposites) monolayer and bilayer films.

  **Formulation**       **Tg (°C)**   **Tcc (°C)**   **ΔHcc (J/g)**   **Tm (°C)**   **ΔHm (J/g)**   **Xc (%)**
  --------------------- ------------- -------------- ---------------- ------------- --------------- ------------
  **MONOLAYER**                                                                                     
  PLA                   63            118            24               150           28              5
  PLA_3CNC              62            116            28               149           30              2
  PLA_3LNP              63            126            4                152           7               3
  PLA_15UMB             55            84             1                147           26              12
  **BILAYER**                                                                                       
  PLA/PLA               60            99             5                153           31              28
  PLA/PLA_3CNC          60            108            17               158           28              12
  PLA/PLA_3LNP          60            112            8                152           16              9
  PLA/PLA_15UMB         57            119            20               147           24              6
  PLA_3CNC/ PLA_15UMB   53            103            17               150           28              14
  PLA_3LNP/ PLA_15UMB   55            120            13               147           17              7

Incorporation of amorphous lignin nanoparticles led to less crystalline regions established in the monolayer systems: in comparison with other biopolymer nanoparticles that they could facilitate the crystallization phenomenon through the nucleation phase, lignin nanoparticles are characterized by reduced contribution to the PLA crystal formation and growth, even though they were compatible with PLA (Kubo and Kadla, [@B38]). As evidenced by XRD analysis, the crystalline structure of the PLA_3LNP and PLA_3CNC system was nearly the same as that of neat PLA film.

However, a reduction in T~g~ and T~cc~, as well as an increment in the percentage of crystallinity, was observed in the PLA_15UMB film compared to neat PLA, probably due to a plasticizing effect of UMB on the PLA matrix (López-de-Dicastillo et al., [@B44]), in accordance to XRD and FTIR results.

In the case of bilayer films, a similar reduction in T~g~ was observed for the systems containing the AI.

Moreover, the thermogram of PLA/PLA_15UMB showed a delineated endothermic peak, respect to other systems, this phenomenon can be ascribed to the glass transition, which it is normally related to a stronger stress relaxation on heating, particularly in the presence of an ingredient with a plasticizing effect in the polymeric thin systems, in accordance to the results of Fortunati and co-authors in presence of limonene containing PLA films (Fortunati et al., [@B22]).

An evidence of the CNC pivot role in promoting the crystallization in multilayer films can be found in the reduced T~cc~ values, even in presence of a microscale AI (108 and 103°C, respectively for PLA/PLA_3CNC and PLA_3CNC/PLA_15UMB films): in addition, the combination of both UMB and CNC in the bilayer induced a further crystallization event (that can be identified in the shoulder peak at T = 120°C, coincident with the cold crystallization temperature of PLA/PLA_15UMB).

In order to investigate the presence of the additives and their behavior upon processing, thermal degradation analysis of the mono and bilayer films was performed. The derivative curves of residual mass vs. temperature are shown in [Figures 5C,D](#F5){ref-type="fig"} for the mono and bilayer films, respectively.

PLA showed a single degradation process under nitrogen atmosphere, with a maximum degradation temperature (T~d~) at 305°C. It was observed that T~d~ values of the PLA-nanocomposites are higher than that of the PLA, due to the barrier effect of the nanoparticles. Lignin nanocomposites showed the highest increment of T~d~, which is consistent with its charring forming characteristics of polyphenolic LNP (Gupta et al., [@B27]), while CNC confirmed their ability to increase the thermal stability of PLA and slowing down the rate of thermal degradation (Fortunati et al., [@B20]; Khoo et al., [@B36]).

PLA_15UMB showed a reduced degradation rate, but an anticipated T~onset~, in comparison with PLA_3LNP and this behavior can be correlated to the thermo stability of the respective filler, as already evidenced by He et al. ([@B29]) and Luzi et al. ([@B48]). PLA/PLA and PLA/PLA_3CNC bilayer films exhibited increased thermal stability compared to the corresponding monolayer films. This behavior could be related to the increment in the percentage of cristallinity of the samples, as it was observed by DSC ([Table 2](#T2){ref-type="table"}). While, the T~d~ of PLA_15UMB was higher than that of PLA/PLA_15UMB, probably due to a plasticizing effect of UMB and a diminution in the Xc in the bilayer system. The combined effect of CNC and UMB lead to a Td of 340°C which could be related to the UMB diffusion during thermo-compression, as explained previously by XRD, as well as to the increment of X~c~. Both mono and bilayers films completely degrade at the end of the test at 800°C.

Mechanical Properties
---------------------

[Figure 6](#F6){ref-type="fig"} shows the typical stress--strain curves of PLA based systems and the results of tensile test in terms of modulus, strength and elongation at break are listed in [Table 3](#T3){ref-type="table"}. Regarding tensile properties, the presence of 3% of nanoparticles provokes a decrease in the elongation at break of the PLA films respect to the neat polymer, which is a common trend observed for thermal processable nanocomposites (Yang et al., [@B69]; Ferreira et al., [@B19]). However, no relevant increment in the modulus and tensile strength was observed with the addition of the nanoparticles. This behavior could be due to the poor dispersion of the nanoparticles reducing their interactions with the PLA matrix. A remarkable improvement in the elongation as break was achieved with the AI addition in the PLA film, which was not kept in the bilayer materials. The presence of both the nanoparticle and the AI in each film enhance the modulus and the tensile strength of the bilayer material, assuming a good interface adhesion controlling the bilayer resistance. If a probable use of these materials is as packaging, high elongation at break and enhanced mechanical resistance are necessary.

![Stress-strain curves of PLA (neat and nanocomposites) monolayer and bilayer films.](fchem-07-00157-g0006){#F6}

###### 

Tensile properties \[elastic modulus (E), tensile strength (TS) and elongation at break (ε)\] of PLA (neat and nanocomposites) monolayer and bilayer films.

  **Formulation**       **E (GPa)**   **TS (MPa)**   **ε (%)**
  --------------------- ------------- -------------- ------------
  **MONOLAYER**                                      
  PLA                   1.4 ± 0.2     41.5 ± 3.9     16.2 ± 4.2
  PLA_3CNC              1.2 ± 0.1     28.1 ± 4.0     4.9 ± 0.8
  PLA_3LNP              1.3 ± 0.1     34.2 ± 1.5     8.4 ± 0.9
  PLA_15UMB             1.2 ± 0.3     28.8 ± 9.3     37.0 ± 4.2
  **BILAYER**                                        
  PLA/PLA               1.6 ± 0.2     35.0 ± 6.2     16.4 ± 5.3
  PLA/PLA_3CNC          1.4 ± 0.1     38.3 ± 2.9     5.6 ± 1.2
  PLA/PLA_3LNP          1.5 ± 0.3     36.7 ± 4.1     6.3 ± 0.8
  PLA/PLA_15UMB         1.6 ± 0.1     38.4 ± 2.2     4.5 ± 0.9
  PLA_3CNC/ PLA_15UMB   2.1 ± 0.1     52.9 ± 2.2     2.9 ± 0.3
  PLA_3LNP/ PLA_15UMB   2.0 ± 0.3     48.4 ± 4.4     3.0 ± 0.2

Antioxidant Activity
--------------------

Antioxidant capacity of the mono and bilayer films was measured and expressed as radical scavenging activity (RSA). The values are listed in [Table 4](#T4){ref-type="table"}. [Figure 7](#F7){ref-type="fig"} shows the color variation of the DPPH methanol solution for PLA mono and bilayer neat and nanocomposites films.

###### 

Radical scavenging activity (RSA) values for PLA (neat and nanocomposites) monolayer and bilayer films.

  **Formulations**     **DPPH scavenging activity, RSA (%)**
  -------------------- ---------------------------------------
  **MONOLAYER**        
  PLA                  --
  PLA_3CNC             2.5
  PLA_3LNP             80.4
  PLA_15UMB            45.2
  **BILAYER**          
  PLA/PLA              --
  PLA/PLA_3CNC         6.8
  PLA/PLA_3LNP         62.0
  PLA/PLA_15UMB        54.0
  PLA_3CNC/PLA_15UMB   32.3
  PLA_3LNP/PLA_15UMB   70.7

*Time = 1 h*.

![Antioxidant activities of PLA (neat and nanocomposites) monolayer and bilayer films evaluated by UV absorbance of DPPH at 517 nm monitored after 1 h and color variation of the DPPH methanol solution (C = control, 1 = PLA, 2 = PLA_3CNC, 3 = PLA_3LNP, 4 = PLA_15UMB, 5 = PLA/PLA, 6 = PLA/PLA_3CNC, 7 = PLA/PLA_3LNP, 8 = PLA/PLA_15UMB, 9 = PLA_15UMB/PLA_3CNC, 10 = PLA_15UMB/PLA_3LNP).](fchem-07-00157-g0007){#F7}

LNP produced the highest antioxidant activity in the monolayer formulations reaching a RSA value of 80%, as previously reported in Yang et al. ([@B67]), while CNC did not show a significant radical scavenging activity in the PLA matrix. On the other hand, UMB was able to limit the oxidation by donating hydrogen from the phenolic hydroxyl groups, by formation of a stable end product, unable to initiate or propagate oxidation of the lipids (Murthy and Naidu, [@B53]). The same trend was maintained even in the case of bilayer films in presence of CNC, while LNP in the layered PLA showed reduced activity, due to a limited diffusion of these additives in thicker films. On the other hand, the incorporation of UMB in the bilayer PLA films induced the highest RSA among those materials, due to the synergistic effect of both additives. The presence of UMB causes a clear effect of RSA %: the highest effect is related by the incorporation of LNP respect to CNC (RSA (%): PLA_3CNC/PLA_15UMB = 32.3% and PLA_3LNP/PLA_15UMB = 70.7%), definitively higher than the corresponding PLA/PLA_3CNC = 6.8% and PLA/PLA_3LNP = 60.2% (López et al., [@B42]; Luzi et al., [@B48]).

This phenomenon has been reported for polymeric films containing epicatechin, quercetin, catechin, caffeine, gallic acid, in which the antioxidant effect was proportional to the antioxidant content in the simulant. Similar behavior was observed by using extracts obtained from different varieties of grapes, the antioxidant activity increases with the concentration of the phenolic compounds (López-de-Dicastillo et al., [@B43]).

Conclusions {#s4}
===========

Bilayer films based on PLA were obtained by extrusion followed by monolayer thermo-compression. CNC and LNP as well as an active ingredient (UMB) were added to the formulation in order to improve the PLA properties as food packaging material.

No significant variations in the chemical structure of PLA with the presence of the nanoparticles or UMB in both monolayers and bilayers films were observed by FTIR. Fractured surfaces of the PLA based films studied by FESEM revealed a homogeneous morphology with the nanoparticles addition while a less uniform surface was observed for UMB containing system. Additionally, a reduction in the bilayer thickness was observed compared to sum of each monolayer.

Brightness and transparency of PLA was not affected by the CNC addition, while LNP and UMB notably reduce the luminosity of both the mono and bilayer materials. However, the PLA_3CNC/PLA_15UMB bilayer system showed a notable transparency in the visible region. All the materials showed a good protection against UV light what is an advantage considering their use as food packaging.

A plasticizing effect of UMB on the PLA matrix was noticed in accordance with the T~g~ and T~cc~ reduction observed by DSC. This was in agreement to XRD and FTIR results. The percentage of PLA cristallinity was generally enhanced in the bilayer films respect to the monolayer ones which was also evidenced in the thermal resistance increment of those bilayer films. T~d~ of monolayer PLA-nanocomposites were higher than that of PLA due to the barrier effect of the nanoparticles, however UMB reduced the T~d~ due to its own lower thermo stability.

Regarding mechanical properties, monolayers showed an increment in the elongation at break compared to the bilayer systems, with a reduction in the modulus and tensile strength according to the relative cristallinity values of the samples. Moreover, a notable enhancement in the elongation at break was reached with the UMB addition to the PLA film due to the plasticizing effect of the AI.

LNP produced the highest antioxidant activity in the monolayer formulations while the combined incorporation of LNP and UMB in the bilayer PLA films induced the highest antioxidant activity due to the synergistic effect of both additives.
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